1 Single-photon detectors 1 at near-infrared wavelengths with 2 high system detection efficiency (>90%), low dark count rate 3 (<1 c.p.s.), low timing jitter (<100 ps) and short reset time 4 (<100 ns) would enable landmark experiments in a variety of 5 fields [2][3][4] [5] [6] . Although some of the existing approaches to single-6 photon detection fulfil one or two of the above specifications 1 , 7 to date, no detector has met all of the specifications simul-8 taneously. Here, we report on a fibre-coupled single-photon 9 detection system that uses superconducting nanowire single-10 photon detectors 7 and closely approaches the ideal perform-11 ance of single-photon detectors. Our detector system has a 12 system detection efficiency (including optical coupling losses) 13 greater than 90% in the wavelength range l 5 14 1,520-1,610 nm, with a device dark count rate (measured with 15 the device shielded from any background radiation) of ∼1 c.p.s., 16 timing jitter of ∼150 ps FWHM and reset time of 40 ns.
1
. However, after over ten years of research, the system detection 21 efficiency (SDE, which includes the efficiency of the optical coupling 22 to the detector) of SNSPDs has been limited to 36% at a wavelength 23 l of 1,550 nm (ref. 9) because (i) the superconducting material used 24 (typically, polycrystalline NbN) has limited compatibility with the 25 structures that enhance the optical coupling and absorption of the 26 detectors, and (ii) the internal detection efficiency (the probability 27 that the absorption of one photon in a nanowire results in a 28 response pulse) of typical SNSPDs (based on 100-nm-wide NbN 29 nanowires) does not show saturation as a function of the bias 30 current I B . The superconducting properties of NbN films depend 31 on the crystal phase of the films 10 and are affected by crystal 32 defects 11, 12 , which limits (i) the fabrication yield of large-area 33 devices 12 , (ii) the choice of substrates for fabrication and (iii) the 34 design parameters of optical structures that would enhance absorp-35 tion in the nanowires. Furthermore, although 30-and 20-nm-wide 36 NbN nanowires have demonstrated saturated detection efficiency at 37 l ¼ 1,550 nm (ref. 13), the fabrication of large-area SNSPDs (which 38 allow efficient optical coupling) based on such narrow nanowires 39 remains challenging. We recently reported on the fabrication of 40 SNSPDs based on a different superconducting material, amorphous 41 tungsten silicide (W 0.75 Si 0.25 , or WSi) 14 . Because the crystal struc-42 ture of WSi is homogeneously disordered, WSi superconducting 43 nanowires are more robust with respect to structural defects than 44 NbN nanowires (which allows the fabrication of larger-area 45 devices), can be deposited on a variety of substrates, allowing 46 defined as the bias current at the inflection point of the SDE versus I B curve 13 ) and the switching current (I SW , which is defined as the maximum current the device could be biased at without switching to the normal, non-superconducting state) of the device. At I B ¼ 3 mA, the average and 1s uncertainty of the maximum and minimum SDE were SDE max ¼ 93.2+0.4% (red circle) and SDE min ¼ 80.5+0.4% (blue circle) (see Supplementary Information
Q2
). The experimental value of the SDE was lower than the design value of the absorption of the SNSPDs (.99%), which we attribute to several possible causes (see Supplementary Information Q2 ): (i) our imperfect knowledge of the refractive index of the materials used in the optical stack; (ii) fabrication imperfections; (iii) coupling losses; and (iv) the non-unity internal detection efficiency of the SNSPDs. b, SDCR and DDCR versus I B for the device in a. The SDE max , SDE min and SDCR curves were obtained at T ¼ 120 mK by averaging six subsequent acquisitions of the curves. Error bars for each point are not plotted for clarity, but the uncertainty is described in the Supplementary Information 
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(primarily due to background radiation), a timing 9 jitter of 150 ps full-width at half-maximum (FWHM) and a 10 reset time of 40 ns. The only other single-photon detector that 11 has demonstrated SDE . 90% at l ¼ 1,550 nm is the transition-12 edge sensor (TES) 18 . However, the TES has orders of magnitude 13 larger recovery time ( 1 ms) and timing jitter (the best value to 14 date is 5 ns; ref. 19) than WSi SNSPDs, and requires a complicated 15 superconducting readout circuit. 16 We characterized our single-photon detection system by using 28 17 different SNSPDs from five fabrication runs. We measured SDE . 18 85% with 50% of the detectors tested so far (see Supplementary 19 Information
Q2
). Figure 1a shows the bias dependence of SDE (see 20 Methods and Supplementary Information Q2 ) for our best device. As 21 the detection efficiency of SNSPDs varies with the polarization of 22 the incident light 20 , the polarization state of the light was varied 23 on the Poincaré sphere to maximize or minimize the counts from 24 the detector. We therefore obtained a maximum (SDE max , red 25 curve) and minimum (SDE min , blue curve) SDE versus I B curve. 26 Both the SDE max and SDE min curves had a sigmoidal shape, and 27 saturated at SDE max ≈ 93% and SDE min ≈ 80% for I B values larger 28 than a cutoff current I co ¼ 1.5 mA and lower than the switching ). c, Wavelength dependence of maximum SDE (SDE max ), minimum SDE (SDE min ) and ratio R ¼ SDE max /SDE min . The measured parameters of the optical stack are, from top (illumination side) to bottom, 213-nm-thick TiO 2 , 231-nm-thick SiO 2 , 4.5-nm-thick, 120-nm-wide WSi nanowires with 200 nm pitch, 230-nm-thick SiO 2 , 80-nm-thick gold. The thickness of the WSi layer was estimated from the deposition time. The thicknesses of the TiO 2 and SiO 2 , layers were estimated by white-light ellipsometry on reference samples from the deposition runs. The width and pitch of the nanowires were measured by scanning electron microscopy. Experimental SDE max versus l and SDE min versus l curves were obtained by averaging three subsequent Q6 acquisitions. The bias current was I B ¼ 3.8 mA and the temperature was T ¼ 120 mK.
1 detector showed a non-negligible polarization dependence, the 2 results shown in Fig. 2c suggest that the optical stack could be 3 designed to eliminate the polarization dependence of the SDE at a 4 particular wavelength (which, however, may differ from the wave-5 length for the maximum SDE). 6 Most of the readily accessible closed-cycle refrigeration technol-7 ogies 25 do not reach a base temperature below 1 K. It would there-8 fore be desirable to operate our detector above 1 K without 9 degrading its performance. As the critical temperature of our 10 SNSPD was T C ¼ 3.7 K, we characterized the performance of the 11 system as a function of temperature by measuring the bias 12 dependence of SDE, SDCR and DDCR in the temperature range 13 T ¼ 120 mK-2 K. As shown in Fig. 3a , although I SW decreases 14 and approaches I co with increasing temperature (dark yellow stars 15 on the I B -T plane), the SDE versus I B curve saturates to 93% 16 over the whole temperature range T ¼ 120 mK-2 K (dark yellow tri-17 angles on the SDE-T plane). As shown in Fig. 3b , the DDCR at the 18 switching current increases with temperature, from 20 c.p.s. at 19 T ¼ 120 mK to 10 × 10 3 c.p.s.
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at T ¼ 2 K, and is comparable to 20 the SDCR for T . 0.8 K. Although the bias range for efficient, 21 low-dark-count-rate single-photon detection decreases with 22 increasing temperature, the detector shows SDE ≈ 90% and 23 DDCR , 10 c.p.s. for I B ≈ 0.9I SW over the temperature range inves-24 tigated (coloured circles in Fig. 3a,b) , confirming that we could 25 operate the detector system at relatively high cryogenic temperature 26 without significantly degrading its sensitivity. 27 We characterized the timing performance of the detector system 
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acquisitions of the curves. We did not observe any variation in I SW between the different acquisitions of the curves.
1 shows the instrument response function (IRF) of the detector system 2 illuminated with a femtosecond-pulse laser for two different bias 3 currents. The IRF becomes broader with decreasing I B . Figure 4d  4 shows the current dependence of the jitter of the detector system, 5 which we define as the FWHM of the IRF. The system jitter 6 decreases from 250 ps at I B ¼ 0.67I SW to 150 ps at I B ¼ 0.97I SW . 7 As the jitter increases with decreasing I B and I SW decreases with 8 increasing temperature, operating the detector at higher temperature 9 would result in a degradation of its timing resolution. The jitter of 10 our detector system is higher than the values of 30-50 ps typically 11 reported for conventional NbN SNSPDs 8 . However, the system 12 jitter is dominated by the electrical noise of the readout circuit, 13 rather than the intrinsic jitter of WSi SNSPDs (see Supplementary 14 Information
Q2
).
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In conclusion, our single-photon detector system based on WSi 16 SNSPDs demonstrated SDE ≈ 90% at l ¼ 1,550 nm and DDCR , 17 10 c.p.s. up to a temperature of T ¼ 2 K. We expect our detector 18 system to achieve a system dark count rate limited by the device 19 intrinsic dark count rate (SDCR ≈ DDCR , 1 c.p.s.) by improving 20 the filtering of the background photons. In the future, by adopting 21 a parallel architecture (superconducting nanowire avalanche photo-22 detector, SNAP 13,28,29 ), we expect to reduce the reset time of our 23 SNSPDs to ,10 ns and to increase the signal-to-noise ratio 13 , 24 which would allow the jitter of the detector system to be reduced. 25 Finally, because of the relatively large bias range with saturated 26 detection efficiency at l ¼ 1,550 nm, WSi SNSPDs have the poten-27 tial for high fabrication yield across a silicon wafer and broad wave-28 length sensitivity 14, 30 . These two features will enable two major 29 advancements in the near future: (i) high SDE in the mid-infrared 30 wavelength range, and (ii) large SNSPD arrays with near-unity 31 efficiency from the visible to the mid-infrared spectral regions. 
